We report an experimental and numerical study of femtosecond multi-pulse laser-induced densification in vitreous silica (v-SiO2) and its signature in Raman spectra. We compare the experimental findings to recently developed molecular dynamics (MD) approach accounting for bond-breaking due to laser irradiation, together with a dynamical matrix approach and bond polarizability model based on first-principle calculations for the estimation of Raman spectra. We observe two stages of the laser-induced densification and Raman spectrum evolution: growth during several hundreds of pulses followed by further saturation. At the medium-range, the network connectivity change in v-SiO2 is expressed in reduction of the major ring fractions leading to more compacted structure. With the help of Sen & Thorpe model, we also study the short-range order transformation and derive the interbonding Si-O-Si angle change from the Raman measurements. Experimental findings are in excellent agreement with our MD simulations, and, hence, support bond-breaking mechanism of laser-induced densification. Thus, our modeling explains well the laser-induced changes both in the short-range order caused by the appearance of Si-coordination defects and medium-range order connected to evolution of the ring distribution. Finally, our findings disclose similarities between sheared-, permanently-densified-and laser-induced-glass and suggest interesting future experiment in order to clarify the impact of the thermo-mechanical history on glasses under shear, cold-and hot-compression, and laser-induced densification.
I. INTRODUCTION
Comprehension of the processes of laser-induced modification in vitreous silica (v-SiO 2 ) and their control remains an important research issue. This concerns the accurate design of the optical properties via local laserinduced refractive index changes (RIC), serving in the fabrication of embedded optical components in fibers and bulk materials [1] [2] [3] . The densification of v-SiO 2 due to laser irradiation seems reasonable to cause a uniform RIC [4, 5] . The supporting evidence of this mechanism was provided by micro-Raman spectroscopy for both single- [6, 7] and multi-pulse [8] [9] [10] [11] [12] [13] [14] experiments.
In these experiments, the analyzes were mainly focused on the strongest band (∼ 437 cm −1 ) and defects lines D 1 and D 2 (∼ 495 cm −1 and ∼ 606 cm −1 ), usually related to four-membered and three-membered rings (or 4-and 3-fold), respectively. Analysis in terms of 3-and 4-fold rings is still a topic of discussion [15] [16] [17] . It was shown an increase of the intensity of the D 2 band, together with a stagnation of the D 1 band (in opposition with cold compressed glasses). In Ref. [5] , we treated the hypothesis of the bond-breaking mechanism leading to v-SiO 2 densification under laser irradiation. We addressed to the medium-range order and explained well the behavior of defect line D 2 relying on the connection between population of the 3-fold rings and D 2 lines. However, all these previous Raman measurements indicating material sensitivity to laser irradiation were not compared to numerical Raman results [9, 11, 14, 18] and no Raman data are available for successive laser-induced experiments in the high-frequency range (∼ 900-1300 cm −1 ). In parallel, intensive studies of v-SiO 2 glass are continuing aimed at studying the role of thermo-mechanical history in densification [19] [20] [21] and plastic-shear [22] where, in particular, it is observed a specific sensitivity of Raman spectra in the high-frequency range. In order to infer structural information from Raman spectra in silica glasses, the Sen and Thorpe (ST) analysis [23] relating the position of the characteristic bands to interbonding angle is usually applied [24, 25] .
Here, we present a systematic analysis of the effect of multi-pulse femtosecond laser on vibrational properties, Raman spectra, medium-range and short-range structure, with the help of numerical calculations compared to experimental measurements of Raman spectra.
II. METHODS

A. Experiment
The sketch in Fig. 1 shows a multiscale nature of the writing processes involved in the consideration. Fem- tosecond laser pulses are produced by a regeneratively amplified Ti:sapphire laser system at 800 nm with a nominal pulse duration τ p = 130 fs (FWHM) and an energy 1 µJ. The long working distance 20× microscope objective (Mitutoyo MPlan, NA = 0.42, f = 10 mm) is employed to focus the ultrashort laser pulses into the bulk of silica [10] . A laser beam diameter is less than the objective pupil (d = 5 mm at the level 1/e 2 ), therefore the nominal value of NA is corrected to NA eff = 0.3. Polished high-purity synthetic fused silica (Corning 7980-5F, 800-1000 ppm concentration of OH impurities) samples are mounted on a XYZ motion stage. Translation parallel to the laser propagation axis allows to write long waveguiding structures produced with controlled number of pulses. The modifications are produced at 10 kHz laser repetition rate, when the material is thermally relaxed before the new pulse arrival. This is in agreement with other reports indicating that heat accumulation effect in silica plays an important role only at MHz regime of irradiation [26] .
Laser modification results in a uniform positive refractive index changes of exposed volume (type I structures [27] ), that is confirmed by the waveguiding properties of the written structures and additionally verified using phase contrast microscopy. The Raman spectra of the irradiated samples are recorded with a Horiba Jobin Yvon confocal micro-spectrometer in a backscattering configuration. The laser excitation is performed using a HeCd source at 442 nm wavelength. The arrangement allows for a spatial resolution better than 1 µm and a spectral resolution of 3 cm −1 . [28] .
B. MD simulation
In our study, the v-SiO 2 model is prepared following the work [29] . A system of 8232 atoms (size ∼5 nm) is obtained within molecular dynamics (MD) simulation (via LAMMPS [30] ) using a melt-quench procedure [31] , and the quenching rate is 5.2×10
13 K·s −1 . The equilibration of the liquid, quench and relaxation of the glass are performed classically using the BKS potential [32] modified by Carré et al. [33] (see Appendix A). By evolving the model during 10, 20 . . . 100 ns at liquid stage, we obtain 10 v-SiO 2 samples at density of 2.2 g·cm −3 . In order to consider the interaction of sub-picosecond laser pulses with v-SiO 2 we introduced a bond-breaking mechanism into the MD scheme [5] . The whole simulation cycle of a laser pulse interaction with an MD glass model is as follows. The simulation starts from an instantaneous generation of broken bonds emulating the laser pulse excitation stage. The ionization degree is 0.018%, corresponding to two broken bonds per sample (or free electron density 1.6 × 10 19 cm −3 ). At the second step, the excited electrons transfer energy to the atomic system heating the sample. The temperature saturates with time reaching the maximum value (500 K). Therefore, we evolve our glass sample during the next 5 ps at 500 K. Subsequently, at the third step, a cooling to the room temperature, 300 K, occurs during 100 ps. At the end of the cooling stage, we repair instantly an interaction ability for previously bond-broken Si-and O-atoms. Finally, an annealing at room temperature is applied. We repeat this cycle a required number of times to simulate multi-pulse laser irradiation (up to 1000 pulses). 
C. Raman model
In our previous study we established that the laserinduced densification of v-SiO 2 is traced to mediumrange changes in topology of the atomic network. These changes consist in an increase of network connectivity caused by the reduction of major ring fractions of sixand seven-membered rings to minor fractions of threeand four-membered rings [5] . In Fig. 2 we show the evolution in the distribution of rings in v-SiO 2 upon multipulse irradiation. However, it is impossible to directly extract ring statistics or local ring environments in the bulk from experimental measurements. Nonetheless, by applying the Raman spectroscopy enabling to perform the vibrational analysis at µm-scale we can infer the information at medium-range and short-range order.
Here, we briefly outline the formulation that we use for the calculation of Raman activities. We focus only on first-order processes, which involve a single phonon excitation. In the Stokes process, in which a vibrational excitation is created by an incoming photon, we express the total power cross-section as (in esu units) [34] :
where the index n labeling the vibrational modes runs from 1 to 3N at , N at is the total number of atoms in the model (8232 atoms), ω L is the frequency of the incoming photon, c is the speed of light, V is the volume of the scattering sample, g(ω) = n B (ω) + 1, and n B (ω) is the boson factor. In experimental set-ups, it is customary to record the Raman spectra in the horizontal-horizontal (HH) configuration in which the polarization of the outgoing photons is respectively parallel to the ingoing photon polarization [35] . Using the isotropy of disordered solids, we express the contribution of the n-th mode, I n to the HH-Raman spectra as [34] :
where a n and b n are obtained from:
The Raman susceptibility tensors R n ij are given by [34] :
where χ is the electric polarizability tensor, the capital Latin indices run over the atoms, the lowercase Latin indices are the three Cartesian directions, R I = (R I1 , R I2 , R I3 ) and M I are the position and the atomic mass of atom I, respectively. In order to compute χ, we apply the bond polarizability model [36, 37] (see Appendix B). For a model system, the vibrational frequencies ω 2 n and their associated eigenmodes ξ n I are found by solving the set of linear equations:
where D is the dynamical matrix, which is defined by:
where E tot is the global potential energy of the system (see Appendix A). The result of the Raman simulations of v-SiO 2 are presented in Fig. 3 . One can see that the main characteristics of the experimental spectra are recovered within our semi-classical approximation. In the Raman spectrum, we can recognize well the main band (∼ 400-550 cm −1 ) as well as the high-frequency bands, in particular, those located at ∼ 800 cm −1 , ∼ 1060 cm −1 , and ∼ 1200 cm −1 , that are well reproduced by our simulation.
The assignment of the vibration modes of v-SiO 2 is well documented [38] [39] [40] [41] . Performing projectional analysis (see Appendix C), we decompose the vibrational density of states (VDOS) for relative motions of the oxygen atoms into stretching, bending, and rocking components (see Fig. 4 ). The VDOS reveals pure stretching nature of the high-frequency doublet zone (∼ 950-1300 cm −1 ), the bending and rocking modes are in the range ∼ 0-900 cm −1 . In all the spectra Figs. 3 and 4, the high-frequency part of the spectra ( 950 cm −1 ) almost exclusively results from stretching vibrations. As far as the HH-Raman spectrum is concerned, Umari and Pasquarello showed that the bending motions dominate the rest of the spectrum (∼ 100-900 cm −1 ), whereas the contribution of rocking vibrations is suppressed with respect to their weight in the VDOS [41] .
III. RESULTS AND DISCUSSION
Comparing the experimental and modeling Raman spectra from Fig. 3 , we highlight that the laser-induced changes in all bands have the same behavior. In particular, one can observe a raise and a slight shift to the right of the main band ω 1 ; the ω 3 -band has a weaker raise and a slight shift to the right. On the contrary, we can indicate the more significant changes in the highfrequency doublet zone, a shift to the left of ω 2 and ω 4 bands. In the experimental spectrum, one can see a significant gain of defect lines D 1 and D 2 , whereas our simulation suffers due to the lack of resolution in these areas. However, the D 1 and D 2 Raman defect lines are usually associated with 4-and 3-fold rings in the structure of vSiO 2 [16] . Since these lines provide direct information on the concentration of these rings [43] , we characterize the medium-range structure (network connectivity) by analyzing the ring distribution instead of a direct Raman analysis of the defect lines. Our previous work was dedicated to this point [5] . It is also interesting to note, that the global increase in the Raman intensity in the intermediate frequency range, and the shift of the high-frequency bands in both Raman and VDOS (see Fig. 4 ) spectra share more similarities with the Raman and VDOS signatures of plastic-shear [22] and permanently densified glass [24, 25, 44] . In order to explain the changes in the Raman spectra upon multi-pulse laser irradiation, we exploit a simple central-force ST model to describe the dynamics of covalently bonded networks [23] . Ref. [23] assumed that the vibrations of the silica network can be described using Si-O-Si units with only one force constant α defined by the Si-O bond. The following equations were proposed to describe the positions of the vibrational bands as a function of interbonding angle ϑ:
where M O and M Si are the masses of oxygen and silicon atoms, respectively.
To extract information about the angle change from Raman spectra applying the ST model, one needs to determine the central-force constant. By using the measured Raman frequencies ω i (see Fig. 3 ) and mean Si-O-Si angle, ϑ = 147.7
• , taken from [42, 45] , the force Table I . It can be seen that α 1 (ω 1 ) ≈ 1170 N/m differs significantly from other values. This is probably due to a wide width of the asymmetric ω 1 -band (∼100-500 cm −1 ) and a broad Si-O-Si angle distribution (∼135-160
• [42] ) that leads to an ambiguity in the calculation of α 1 . However, if we take instead of the frequency ω 1 = 437 cm −1 (corresponding to the maximum of the band), the frequency ω g ≈ 340 cm −1 corresponding to the center of gravity of the ω 1 -band, then α 1 (ω g ) ≈ 710 N/m. Thus, all α 1−4 according to the ST model are in quite good agreement with each other.
As shown in [46] , the interbonding angle change ∆ϑ can be related to the ω 2 -shift by differentiating Eq. (9b) to obtain:
Our simulation and experimental measurements provide good resolution of the Raman ω 2 -band. Furthermore, we choose the ω 2 -band to treat the experimental measurements because the corresponding α 2 is closer to the mean value of central-force constantᾱ, see Table I .
In Fig. 5 we present the simulation results of ω 2 -shift as a function of mean interbonding angle change obtained by irradiation with different number of pulses. In result, we can see that our simulations predict the linear behavior confirming the ST model, see Eq. (10). Moreover, the central-force constant values obtained from the simulation (α ≈ 650 N/m) and calculated using the measured Raman characteristic frequency ω 2 (α ≈ 577 N/m) are in good agreement. Thus, we demonstrate that the ST model is applicable to describe the Raman dynamics upon multiple laser irradiation.
The dynamics of ∆ω 2 with the pulse number is shown in Fig. 6a . On can reveal two stages of dynamics, the growth during several hundreds of pulses followed by saturation, both in simulation and experiment. Despite the averaging over 10 samples, we can mention the sharp rise of the ω 2 -shift in the very beginning and noticeable dispersion in simulation that we ascribe to the size of the models (see Subsection II B). This size effect will be reduced in our further investigations by increasing the number of atoms in the samples. We can also observe two stages, growth and saturation, in the densification dynamics, that correlates quite well with the ω 2 -shift, however, it is rather smooth compared to the ω 2 -shift.
Applying the ST model to the ω 2 -shift experimental findings from Fig. 6a , we extract the corresponding angle change. One can see that the interbonding angle change follows the ω 2 -shift and also reproduces the two-stage dynamics: the growth during ∼ 600 pulses followed by a saturation, see Fig. 6b . The comparison shows an excellent agreement between experiment and MD simulation. Since we reveal the densification, we guess that laser-induced rearrangements should lead to transformations of v-SiO 2 network both in the medium-range [5] and short-range order. The short-range structure is usually characterized by coordination number [47, 48] . We found here, a correlation between the growth of five-coordinated Si-atoms and v-SiO 2 densification upon laser irradiation, see inset in Fig. 6b . Similar behavior was observed in permanently densified silica glass at high pressure [47] [48] [49] . Thus, we relate the Si-O-Si angle decline to the increase of network connectivity caused by the reduction of the major ring fractions [5] and the increase in coordination defects (five-coordinated Si-atoms) due to multi-pulse laser irradiation.
IV. CONCLUSIONS
In summary, our systematic Raman calculation shows that upon multi-pulse laser irradiation the SiO 2 glass undergoes several successive transformations both in shortrange and medium-range order. The changes in the Raman measurements are well described by our simulations within the numerical accuracy. This reinforces our previously developed model of bond-breaking for laser irradiation [5] . In experiment and simulation, two stages of the laser-induced densification and Raman spectrum evolution are observed: growth during several hundreds of pulses followed by further saturation. At the mediumrange, the network connectivity is expressed in reduction of the major ring fractions leading to more compacted structure. By using the Raman measurements and the ST model, we highlight the short-range transformation by extracting the dynamics of Si-O-Si angle change. These results are in excellent agreement with our simulation results. In addition, we show a correlation between the growth of five-coordinated Si-atoms and densification due to laser irradiation. Thus, we conclude that the laser-induced densification of v-SiO 2 is related to the changes in the short-range order caused by the appearance of Si-coordination defects and mediumrange order connected to evolution of the ring distribution. These findings disclose similarities between laserinduced-and permanently-densified glass [19, 21] . Moreover, our preliminary analysis shows more generally that the sensitivity of the Raman spectra to pressure variation depends strongly on the samples preparation protocol. We also note that the global increase in the Raman intensity in the intermediate frequency range, and the shift of the high-frequency bands share more similarities with the Raman signature of plastic-shear [22] . Therefore, our simulation results suggest interesting future experiment in order to clarify the impact of the thermomechanical history on glasses under shear, cold-and hotcompression, and laser-induced densification. The equilibration of the liquid, quench and relaxation of the glass are performed classically using the BKSW potential [33] , which is a modified version of the van Beest, Kramer and van Santen (BKS) potential [32] . It can be described as a two-body potential:
where α and β are the types of atoms (O or Si), and R is the distance between them.
with
where γ sh = γ W = 0.5Å, R c,W = 10.17Å, and R c,sh = 5.5Å. We also add a strong and regular repulsive part at short range (R < R inf ) to avoid the collapse of atoms at high pressure, or high temperatures. The added repulsive part has the following form:
D αβ , E αβ , and F αβ have been adjusted in order to have the continuity of the potential and its first, and second derivatives. The parameters of this potential are tabulated in Table II . The total energy, which is used to compute the Dynamical Matrix, can be written:
and here R is the distance between atoms I and J. The bond polarizability model (BPM) [36, 37] has successfully been applied for the calculation of Raman intensities in a large variety of systems [34] . In this approach, the polarizability is modeled in terms of bond contributions:
where the polarizability tensors α ij (I, J):
where R = R I −R J is a vector which defines the direction and the distance of a pair of nearest neighbor atoms at sites R I and R J . The parameters α l and α p correspond to the longitudinal and perpendicular bond polarizability, respectively. The BPM further assumes that the bond polarizabilities α l and α p only depend on the length of the bond. Thus the derivative of the local bond polarizability with respect to the relative displacement of the atoms I and J yields:
whereR is a unit vector along R, α ′ l and α ′ p are the derivatives of the bond polarizabilities with respect to the bond length (α ′ l,p = (∂α l,p /∂R)| R=R0 and R 0 is a typical distance). Therefore, when one type of bond occurs, the BPM is completely defined by three parameters: 2α
, and (α l − α p )/R. We use the parameters of the BPM already derived in Refs. [50, 51] , whose values are summarized in Table III . The frequencies ω 2 n and the corresponding normalized eigenmodes ξ n I are obtained by diagonalizing the dynamical matrix. The FEAST solver integrated into Intel MKL is used for the diagonalization [52] . The associated atomic displacements are given by:
The index n labeling the vibrational modes runs from 1 to 3N at , N at is the total number of atoms in the model. The structure of v-SiO 2 consists of corner-shared tetrahedral SiO 4 units. These units are connected to each other via bridging oxygen atoms. Since oxygen vibrations give the prominent contribution to the Raman spectra, we further decompose this contribution according to three orthogonal directions which characterize the local environment of each oxygen atom [53] . Considering the plane containing the silicon atoms to which a given oxygen atom is bonded, we defined the three directions as in [53, 54] . We took the first direction orthogonal to the Si-O-Si plane (rocking), the second one along the bisector of the Si-O-Si angle (bending), and the third one orthogonal to the two previous ones (stretching), see the sketch in Fig. 4 . The decomposition is carried out by projecting the displacements u n I onto these directions prior to the calculation of the VDOS spectra, i.e. u 
where N O is the number of oxygen atoms.
